During larval development in Drosophila melanogaster, transcriptional activation of target genes by sterol regulatory element-binding protein (dSREBP) is essential for survival. In all cases studied to date, activation of SREBPs requires sequential proteolysis of the membrane-bound precursor by site-1 protease (S1P) and site-2 protease (S2P). Cleavage by S2P, within the first membrane-spanning helix of SREBP, releases the transcription factor. In contrast to flies lacking dSREBP, flies lacking dS2P are viable. The Drosophila effector caspase Drice cleaves dSREBP, and cleavage requires an Asp residue at position 386, in the cytoplasmic juxtamembrane stalk. The initiator caspase Dronc does not cleave dSREBP, but animals lacking dS2P require both drice and dronc to complete development. They do not require Dcp1, although this effector caspase also can cleave dSREBP in vitro. Cleavage of dSREBP by Drice releases the amino-terminal transcription factor domain of dSREBP to travel to the nucleus where it mediates the increased transcription of target genes needed for lipid synthesis and uptake. Drice-dependent activation of dSREBP explains why flies lacking dS2P are viable, and flies lacking dSREBP itself are not.
Genetic systems offer powerful tools for understanding the role of proteolysis in normal physiology. Studies of mutants lacking one or more proteases can reveal physiologically relevant details not accessible from biochemical approaches alone. One proteolytic signaling pathway that has yielded to the combination of genetics and biochemistry is the sterol regulatory element-binding protein (SREBP) 3 pathway that plays a central role in the regulation of lipid metabolism (1) . SREBPs are membrane-bound transcription factors found in all animals, from placozoans and cnidarians (2, 3) to mammals (4) . Two membrane-spanning helices anchor the ϳ120-kDa precursor form to the membranes of the endoplasmic reticulum (ER). Its large amino-and carboxyl-terminal domains reside in the cytoplasm, whereas a short loop projects into the ER lumen. In the ER membrane, SREBP forms a complex with Scap, a polytopic membrane protein harboring a sterol sensing domain.
When cellular demand for lipid rises, SREBP-Scap complexes exit the ER via COPII-coated vesicles and travel to the Golgi apparatus. Once there, SREBP is cleaved at two sites to release the soluble, active amino-terminal transcription factor domain. The site-1 protease (S1P) cuts within the luminal loop separating the two membrane-spanning helices. The membrane-bound amino-terminal fragment, which harbors the transcription factor domain, is the substrate for the site-2 protease (S2P). S2P cleaves SREBP within the first membranespanning helix, between Leu and Cys residues, and the intermediate form of SREBP accumulates only in the absence of cleavage by S2P (5) .
Drosophila melanogaster has a single SREBP gene, dSREBP (also called HLH-106 (6)), as well as orthologues of S1P, S2P, and Scap (7) . In mammalian cells and in flies, transcriptional up-regulation of the genes of lipid metabolism by SREBP is essential for survival. Mammalian cells lacking S1P, S2P, or Scap cannot activate SREBP and do not survive unless their culture medium is supplemented with free cholesterol and unsaturated fatty acids (1) . Similarly, Drosophila lacking dSREBP die at the end of second instar but can be rescued by supplementing their diet with the ultimate end products of dSREBP activation, fatty acids (8) . Unlike vertebrates, insects cannot synthesize cholesterol and therefore always have a requirement for sterols in their diet (9, 10) .
We have recently shown that, in striking contrast to mammalian cells, for which loss of S2P is lethal, flies lacking dS2P survive rather well. In dS2P mutants, dSREBP continues to be activated. Thus, they exhibit a less severe deficit in the transcription of genes involved in lipid metabolism than larvae lacking dSREBP (8, 11) . This explains why they survive and larvae lacking dSREBP do not.
In mammalian cells, SREBP can be cleaved also during apoptosis by caspases-3 and -7 (12, 13) . Caspases nearly always cleave following an Asp residue. Caspase cleavage of mammalian SREBP occurs at a cytoplasmic site that lies in the juxtamembrane stalk between the DNA binding domain and the first membrane-spanning helix (14) . The transcription factor domain released by caspase cleavage can activate a reporter gene under control of a synthetic SREBP target promoter (15) , but the physiological significance of cleavage of SREBPs during apoptosis is unknown.
The genome of D. melanogaster encodes seven caspases as follows: damm (48C5), dcp1 (59E3), decay (89B18), dream (or strica, 42A8), dredd (1B12-13), drice (99C1), and dronc (or Nc, 67D2). Dronc, Dredd, and Dream are thought to be initiator (or apical) caspases that activate other caspases by cleaving them, whereas Damm, Dcp1, Decay, and Drice are effector (or executioner) caspases that cleave various target proteins. Here we combine biochemical and genetic techniques to investigate whether caspases are responsible for the activation of dSREBP in dS2P mutants.
We find that two Drosophila effector caspases, Drice and Dcp1, can cleave dSREBP in vitro and in cultured Drosophila S2 cells undergoing apoptosis. Flies lacking dS2P and drice (but not dcp1) phenocopy loss of dSREBP itself, dying during the second larval instar. Importantly, this synthetic lethality is rescued by supplementing the culture medium with fatty acids, just as seen for dSREBP mutants. The initiator caspase Dronc, which activates Drice, is not able to cleave dSREBP in vitro but is also required by dS2P mutants. Thus Drice can cleave dSREBP and is necessary for its activation in the absence of dS2P. This activation enables the survival of dS2P mutants.
EXPERIMENTAL PROCEDURES
Expression Plasmids-The plasmid Mtal-Grim, and plasmids harboring cDNAs of Dcp1, Drice, Dronc, Damm, Decay, Dream, and Dredd, were gifts from John Abrams (University of Texas Southwestern) and were used as a template to synthesize DNA fragments for RNAi synthesis. A genomic construct of dSREBP tagged at its amino terminus with enhanced YFP (Clontech) and also tagged with the HSV epitope was engineered such that tags are inserted in-frame at the unique AscI restriction site described (8) . This construct, designated YFPdSREBP, was originally designed for germ line transformation. It proved to be more efficiently expressed in S2 cells than versions tagged with HSV alone and was therefore chosen for many of the studies presented here. Site-directed mutagenesis using PCR and/or the QuickChange site-directed mutagenesis kit (Stratagene, Cedar Creek, TX) was employed to construct desired mutations, and the mutagenesis was confirmed by multiple sequencing runs for each strand. Germ line transformation of Drosophila was performed by BESTGENE (Chino Hills, CA).
Cell Culture-Transfection of S2 cells was performed as described (7) . For RNAi studies, S2 cells transfected with MtalGrim using Cellfectin (Invitrogen) on day 0 were treated with dsRNA on day 1 for 5 h (16) .
Apoptotic Induction-Cells were treated with 0.7 mM CuSO 4 in IPL41 (Invitrogen) medium for 5 h prior to harvest. SDS-PAGE, and immunoblot analysis was performed as described (7), using anti-HSV antibody (Novagen) at 1:10,000 dilution.
Caspase in Vitro Assays-Recombinant Dcp1 and Drice were the generous gift from Dr. Xiaodong Wang (University of Texas Southwestern). Membrane fractions of HSV and enhanced YFP-tagged dSREBPs were purified from transfected S2 cells as described (7) . The assays were performed in caspase reaction buffer (0.15 ml of 25 mM Tris, 25 mM NaCl, 2 mM dithiothreitol, pH 7.4) containing 100 g (protein) of membrane fractions and 200 nM caspase. The reaction was incubated up to 60 min at 25°C and was stopped by addition of sample loading buffer and boiling in preparation for SDS-PAGE.
Genetic Strains-All marker mutations and balancer chromosomes are described in and referenced by FlyBase (17).
Crosses were maintained at 25°C in vials containing freshly yeasted cornmeal/molasses/agar (8) 51 /TM3, Ser, actin-GFP. All crosses were set up using virgin females homozygous for dS2P and heterozygous for drice or dronc. These animals survived poorly on unsupplemented medium (see below). Thus, to collect a sufficient numbers of females, embryos from the heterozygous stocks were plated onto dishes containing 14:0 ϩ 18:1 medium (semi-defined medium supplemented with 0.075% myristate and 0.15% oleate (w/v)). Third instar larvae homozygous for dS2P and heterozygous for drice or dronc were scored using the twist-and actin-GFP markers and transferred to vials containing regular/cornmeal/molasses agar medium. Adult females were collected as they emerged. Virgin dS2P 2 /dS2P 2 ; drice ⌬1 (or dronc 51 )/TM3, Ser, actin-GFP females were crossed to dS2P 1 /CyO, twist-GFP; drice ⌬1 (or dronc 51 )/ TM3, Ser, actin-GFP males. On day 0, embryos from an overnight collection were plated at 10 mg of embryos/dish onto duplicate 60-mm dishes containing semi-defined medium with no additions ("No Addition") and 60-mm dishes containing 14:0 ϩ 18:1 medium. Two days later, larvae from one "No Addition" and one "14:0 ϩ 18:1" plate were separated from the food by floatation on a salt cushion and scored using the twist-and actin-GFP markers. On day 4, this procedure was repeated for the remaining two dishes. To calculate the percent expected, the observed ratio (calculated by dividing the number of larvae for each genotype by the expected total) was divided by the predicted Mendelian ratio. The total number of larvae expected was calculated based on the emergence of the doubly heterozygous mutants, which are expected to comprise 1/3 of the larvae because of embryonic lethality of animals homozygous for the third chromosome balancer. Thus, the expected total is (number of doubly heterozygous larvae/0.33).
Rescue of dSREBP 189 Lethality by Genomic dSREBP Transgenes-Independent insertions of P{dSREBPg(D386A)} on the second chromosome were recombined onto both dS2P 
RESULTS
dSREBP Is Cleaved during Apoptosis in Drosophila S2 CellsMammalian SREBPs were among the first experimentally verified substrates for cleavage by caspases (14) . Therefore, to identify proteases other than dS1P and dS2P that can cleave dSREBP in dS2P
Ϫ larvae, we first tested the hypothesis that dSREBP can be cleaved by Drosophila caspases.
To increase caspase activity in Drosophila S2 cells, we induced apoptosis by expression of the apoptotic activator Grim under control of the inducible metallothionine promoter (21) . Following addition of copper sulfate (CuSO 4 ), caspase activity in Grim-transfected cells increased dramatically as monitored by cleavage of the fluorescent substrate Ac-DEVDaminomethylcoumarin (data not shown).
Fig . 1A shows a schematic of SREBP topology and the relationship of the various cleavage fragments. We cotransfected S2 cells with Grim and with tagged versions of dSREBP (YFPdSREBP), either wild type or harboring specific mutations that block cleavage by dS1P and dS2P (7) . The YFP-dSREBP constructs show similar levels of the precursor form ("P") in the membrane fraction (Fig. 1B , upper panel, lanes [1] [2] [3] [4] [5] [6] [7] [8] . For dSREBP with wild type sequences at site-1 and site-2 (YFPdSREBP WT), the nuclear form of dSREBP ("N") is detected in both the absence and presence of CuSO 4 (Fig. 1B , lower panel, lanes 1 and 2). A novel, more rapidly migrating band (hereafter designated "fragment C") also appears in the nuclear extract of the CuSO 4 -treated sample (lane 2) but not the untreated one (lane 1).
Mutating the crucial Arg at position 486 in site-1 to Ala blocks cleavage by dS1P (7), and no nuclear dSREBP is observed in the absence of CuSO 4 (Fig. 1B, lower panel, lane 3) . The smaller, novel fragment C appears when apoptosis is induced ( These results parallel results using versions of dSREBP tagged with the HSV epitope alone (data not shown). Thus, dSREBP can be cleaved when caspase activity is up-regulated in S2 cells, and this cleavage does not require prior cleavage by dS1P or dS2P. Consistent with this finding, caspase cleavage of dSREBP during apoptosis is unaffected by treating S2 cells with palmitate and ethanolamine (data not shown), which suppresses cleavage of dSREBP by dS1P and dS2P (16) .
dSREBP Is Cleaved by Drice and Dcp1-To investigate further the role of caspases in the production of dSREBP fragment C, we performed RNAi experiments in Drosophila S2 cells targeting dronc, dredd, decay, drice, dream, damm, and dcp1 and determined whether fragment C still was produced upon induction of apoptosis (supplemental Fig. 1 ). When apoptosis was induced by expression of Grim, RNAi against Drice blocked the appearance of fragment C (supplemental Fig. 1 , lane 7), whereas RNAi against Dcp1 partially reduced the accumulation of fragment C (supplemental Fig. 1, lane 10) . We consistently observed the partial effect of RNAi against Dcp1 and the full effect of Drice RNAi. The evident effect of RNAi treatment against Drice and Dcp1 indicates that at least these two effector caspases can mediate cleavage of dSREBP during Griminduced apoptosis in S2 cells.
To test whether Drice and Dcp1 can cleave dSREBP directly, we prepared membrane fractions from S2 cells transfected with YFP-dSREBP and incubated these membranes in vitro with purified recombinant Drice or Dcp1 (Fig. 2) . At 0 min, no caspase cleavage product is observed with either protease (Fig.  2, lanes 1 and 5) . Increasing accumulation of fragment C is observed over time (Fig. 2, lanes 2-4 and 6 -8) . No product is observed at 60 min in the absence of added protease (Fig. 2, lane   FIGURE 1 . Cleavage of dSREBP during apoptosis in S2 cells. A, this schematic shows SREBP topology. bHLH designates the transcription factor domain. The gray bar represents the lipid bilayer. Arrows indicate the site-1 protease and site-2 protease cleavage sites. The cytoplasmic juxtamembrane stalk region is indicated by the brace. NH 2 and COO Ϫ designate the amino and carboxyl termini. The various cleavage products are illustrated below. I, intermediate form; N, normal nuclear form; C, caspase-dependent band. B, cells were cotransfected with the indicated YFP-dSREBP constructs and with MtalGrim as described under "Experimental Procedures." We added 0.7 mM CuSO 4 to induce expression of Grim. Cells were fractionated, and the membrane pellet was washed with 0.1 M sodium carbonate prior to immunoblot analysis using an anti-HSV antibody as described under "Experimental Procedures." P, precursor; I, intermediate form; N, normal nuclear form; C, caspase-dependent band; WT, wild type.
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). These data demonstrate that Drice and Dcp1 can cleave membrane-bound dSREBP in vitro.
Dronc Does Not Cleave dSREBP-We also tested the ability of the initiator caspase Dronc to cleave dSREBP, using purified recombinant Dronc. These results are shown in Fig. 3 . Incubation of membranes containing wild type dSREBP with either Drice or Dcp1 resulted in substantial accumulation of fragment C (Fig. 3, lanes 11 and 12) . No accumulation of fragment C was observed with purified Dronc (Fig. 3, lane 4) . Dronc can cleave Ac-DEVD-amidotrifluoromethylcoumarin (22, 23) . When we introduced that cleavage site motif into the juxtamembrane region of dSREBP ( 383 FTTDAGL was mutated to 383 FTTDEVD), incubation with Dronc resulted in accumulation of fragment C (Fig. 3, lane 8) , confirming that the enzyme had activity in this assay. With the mutant Dronc-cleavable substrate, accumulation of fragment C was blocked by the addition of the caspase inhibitor Ac-DEVD-CHO (Fig. 3, lane 9) . Recombinant Dronc can cleave a version of dSREBP containing a motif that Dronc has been shown to cleave but does not cleave wild type dSREBP. Thus, the effector caspases Drice and Dcp1 cleave dSREBP, but the initiator caspase Dronc does not. (24) , caspases have a decided preference for an Asp residue in the P 1 position. Drice and Dcp1 have cleavage specificities similar to mammalian caspase 3, with the sequence DEVD reported to be optimal for cleavage by Drice in vitro (25) . Fig. 4A shows sequence alignment of the juxtamembrane stalk region (between the transcription factor domain and the first membrane-spanning helix) of SREBPs from each of the 12 SREBP sequences available from the genus Drosophila. There are four Asp residues within this region of dSREBP (Fig. 4A, black boxes) , and these four are conserved among all species, save Drosophila willistoni. We note that many other attributes of the genome sequence of this species are also exceptional among the 12 species sequenced (26, 27) . A multiple phylum alignment of this region is shown in supplemental Fig. 2 .
Cleavage of dSREBP by Caspases Requires an Asp Residue at Position 386-As their name indicates
We individually mutated each of these Asp residues to Ala in the context of YFP-dSREBP, and we assessed the ability of each construct to be cleaved during apoptosis (Fig. 4B) . The apoptosis-dependent fragment C appears with wild type dSREBP (Fig.  4B, lanes 2 and 12) and with Asp to Ala mutants at positions 395, 398, and 407 (lanes 6, 8 and 10 ). No fragment is observed when the Asp at 386 is mutated to Ala (Fig. 4B, lane 4) . The dependence of cleavage on an Asp at 386 (but not on any other Asp residue in this region) indicates that cleavage during apoptosis occurs at the sequence 383 FTTD2A 387 in dSREBP, where the down arrow indicates the scissile bond. Consistent with this conclusion, in transfected S2 cells, fragment C comigrates with a truncated version of dSREBP that has a stop codon in place of residue 387 (data not shown).
This was somewhat surprising as Drice and Dcp1 are thought to prefer the sequence DXXD as is present at 395. We therefore further tested the requirement of Asp-386 for in vitro cleavage by Drice by incubating membrane fractions from S2 cells transfected with YFP-dSREBP, either wild type or harboring the D386A mutation (Fig. 5A) . Accumulation of fragment C proceeded in a time-dependent fashion with the wild type substrate (Fig. 5A, lanes 3-6) , but no fragment C was produced from the D386A mutant (lanes 7-10) . In S2 cells, cleavage during apoptosis was also abolished when Asp-386 was substituted by Glu or Asn (Fig. 5B, lanes 6 and 8) .
The supplemental Fig. 3 shows that the threonine residue at position 385 is also required for cleavage (lanes 4 and 6) . Even when a serine is introduced at this position, cleavage is abolished (supplemental Fig. 3, lane 4) . This Thr residue is as well conserved among Drosophila as Asp-386, whereas residues in the P3 and P4 positions are not highly conserved (Fig. 4A) . Consistent with this evolutionarily acceptable variation, we find that a T384A mutant is cleaved as readily as wild type (data not shown).
Drice Is Required for the Survival of dS2P Mutant Larvae-In S2 cells and using purified enzyme in vitro, Drice and Dcp1 can cleave dSREBP, and cleavage is blocked by substituting Asp-386 with Ala. We hypothesized that this cleavage of dSREBP by caspases is responsible for the survival of flies lacking dS2P. To test this, we constructed stocks harboring null mutations both The membranes were incubated along with the indicated purified recombinant caspase in caspase reaction buffer. The reaction was stopped at the indicated times as described. The membranes were then subject to immunoblot analysis using an anti-HSV antibody. P, precursor; C, caspase-dependent band; I, intermediate form. in dS2P as well as in one each of the two caspases that were shown to cleave dSREBP, using the alleles dcp1 Prev1 and drice ⌬1 (18, 19) . If cleavage of dSREBP by one of these caspases were responsible for the survival of dS2P mutants, then flies lacking both that caspase and dS2P would be unable to activate dSREBP. The doubly mutant animals should evince the phenotype observed in flies completely lacking dSREBP (dSREBP 189 ) and die at the end of second larval instar because of deficient transcription of dSREBP target genes. Importantly, if this "synthetic" lethality were indeed because of deficient dSREBP activation, then supplementing the larval diet with free fatty acids should afford substantial rescue of the dS2P, drice double mutants, just as seen for dSREBP mutants (8) .
Flies homozygous for dcp1 Prev1 are viable (18) . We find that the dS2P dcp1
Prev1 doubly mutant animals survive as well as dS2P mutants alone (data not shown). Dcp1 is not required by larvae lacking dS2P and is therefore not required to activate dSREBP. Larvae homozygous for dSREBP 189 die at the end of second instar whereas larvae homozygous for drice ⌬1 mostly die during pupation (19) . This leaves a window of 2-3 days (between the middle of second instar, when larvae die because of insufficient dSREBP activity, and the onset of pupariation, when larvae mostly die if they lack Drice) in which to assess synthetic lethality in the dS2P; drice double mutants. For the experiment shown in Fig. 6 , we collected embryos overnight from each of the indicated crosses and plated them onto duplicate, parallel cultures (two plates of unsupplemented medium and two plates of medium supplemented with fatty acids per cross). We genotyped all larvae from each cross from one plate of each medium A, sequence alignment of SREBP homologues from 12 Drosophila species. In the abbreviated names, "mel" indicates melanogaster (CG8522-PA); sim, simulans (GD14825-PA); sec, sechellia (GM19644-PA), yak, yakuba (GE19622-PA), ere, erecta (GG16056-PA); ana, anassae (GF23590-PA); per, persimilis (GL15732-PA); pse, pseudoobscura (GA21134-PA); gri, grimshawii (GH14653-PA), wil, willistoni (GK17496-PA); vir, virilis (GJ11320-PA); and moj, mojavensis (GI11638-PA). Sequences were aligned using the ClustalW algorithm. Asp residues are shaded black. B, Drosophila S2 cells were transfected with constructs encoding wild type YFP-dSREBP or YFP-dSREBP harboring an Ala in place of Asp residues at, respectively, positions 386, 395, 398, or 407 in the juxtamembrane stalk. Expression of Grim was induced with CuSO 4 , and whole cell lysates were subjected to immunoblot analysis using anti-HSV antibody. P, precursor; N, normal nuclear form; C, caspase-dependent band.
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at day 2 after egg laying (AEL), before dSREBP-dependent lethality, and again at day 4 AEL, after dSREBP-dependent lethality but before pupariation. The dSREBP Ϫ/Ϫ mutants survive extremely poorly on unsupplemented medium, and as reported previously (8), their survival is significantly improved on medium supplemented with fatty acids (Fig. 6A, right panels) . By day 4 AEL, the effect of fatty acid supplementation on promoting survival of dSREBP mutants is pronounced (Fig. 6A, lower right) . This cross controls for the ability of fatty acid supplementation to rescue larval lethality in the absence of dSREBP.
Flies lacking dS2P are viable and may be maintained as homozygous stocks for hundreds of generations (11) . As seen previously, on unsupplemented medium, the dS2P 1/2 offspring of dS2P 2/2 mothers survive at half the expected frequency (50.1%; Fig. 6A, day 4 AEL, open bars) . Survival of dS2P 1/2 larvae is fully restored on medium supplemented with fatty acids, indicating that the reduced viability of dS2P mutants is because of deficient activation of dSREBP. These animals are wild type for drice and dronc, and this cross controls for the reduced survival of larvae lacking dS2P but having the diploid complement of those proteases.
To determine whether the dS2P 1/2 larvae that survive do so because of the action of Drice (which cleaves dSREBP in the juxtamembrane stalk region), we tested the survival of larvae lacking both dS2P and Drice. Like the dSREBP mutants, the dS2P; drice double mutants exhibit lethality between the second and third instars (Fig. 6B, right) . At day 2 AEL on unsupplemented medium, the dS2P 1 /dS2P 2 ; drice ⌬1 /drice ⌬1 larvae are present in the population at about 2/3 of their expected frequency (Fig. 6B, right open bars) and survive about as well on medium supplemented with fatty acids (Fig. 6B, solid bars) . Their survival is similar to dSREBP 189 larvae (Fig. 6A, right) . By day 4 AEL, on unsupplemented medium, dS2P 1 /dS2P 2 ; drice ⌬1 /ϩ and dS2P 1 /dS2P 2 ; drice ⌬1 /drice ⌬1 larvae are almost undetectable in the population (Fig. 6B, lower right) , whereas dS2P 2 /ϩ; drice ⌬1 /drice ⌬1 larvae survive about as well as dS2P 2 /ϩ; drice ⌬1 /ϩ larvae (Fig. 6B, lower, left) . This contrasts sharply and significantly with the dS2P 1/2 mutants harboring two wild type copies of drice (Fig. 6A, day 4 AEL, left) .
On medium supplemented with fatty acids, many more dS2P 1 /ϩ and dS2P 1 /dS2P 2 ; drice ⌬1 /drice ⌬1 larvae results from a deficit in fatty acid metabolism subsequent to reduced dSREBP activity, just as observed for larvae lacking dSREBP itself (Fig. 6A, right) .
Dronc Is Also Required for the Survival of dS2P Mutant Larvae-Drice is produced as a zymogen that can be activated by cleavage by the initiator caspase Dronc (22, 28, 29) . Although Dronc cannot cleave dSREBP directly (Fig. 3) , if Dronc is required in larvae to activate Drice, then larvae lacking both dS2P and Dronc should exhibit a phenotype similar to the dS2P; drice double mutants. At day 2 AEL, larvae of each genotype survive equally well (Fig. 6C) . However, by day 4 AEL, very few dS2P 1 /dS2P 2 ; dronc 51 /ϩ and dS2P 1 /dS2P 2 ; dronc 51 /dronc 51 larvae survive. Like the larvae lacking dSREBP and like the larvae lacking both dS2P and Drice, the dS2P; dronc Ϫ larvae survive dramatically better on supplemented medium (Fig. 6C, day 
AEL).
Asp-386 Is Required for Rescue in the Absence of dS2P-Drice cannot cleave dSREBP harboring the D386A mutation (Figs. 4  and 5) . If the survival of flies lacking dS2P is because of caspase cleavage of dSREBP, then dSREBP harboring the D386A mutation should not rescue larvae lacking both endogenous dSREBP and dS2P. To test this hypothesis, we prepared animals transgenic for P{dSREBPg(D386A)}. This transposon carries a genomic DNA fragment encompassing the dSREBP locus and its upstream sequences (8) and harbors the D386A mutation that blocks cleavage of dSREBP by caspases (Fig. 4) . This transgene was recombined onto second chromosomes harboring dS2P 1 or dS2P 2 alleles. The recombinant chromosomes were then moved into a dSREBP 189 /TM6B background. This permitted us to test the hypothesis that, in flies lacking dS2P, Asp-386-dependent cleavage of dSREBP is crucial for survival. . Membranes were incubated for the indicated times in caspase reaction buffer in the presence or absence of purified, recombinant Drice. The reaction was stopped at the indicated times. The membranes were then subject to immunoblot analysis using an anti-HSV antibody. B, in vivo cleavage of dSREBP requires Asp-386. S2 cells were cotransfected with Mtal-grim and the indicated YFP-dSREBP construct, and the experiment was conducted as described in the legend to Fig. 1 . Note that two intervening lanes between lanes 8 and 9 have been omitted for clarity. P, precursor; N, normal nuclear form; C, caspase-dependent band; I, intermediate form. Fig. 7 shows that animals completely lacking endogenous dSREBP but harboring P{dSREBPg(D386A)} and heterozygous for dS2P survive at 60% the rate of their doubly heterozygous siblings. Thus, one copy of dSREBP harboring the D386A mutation is sufficient to afford substantial survival in the presence of endogenous dS2P. On unsupplemented medium, in the complete absence of dS2P and in the presence of two copies of P{dSREBPg(D386A)} and one endogenous, wild type copy of dSREBP, the animals survive at less than a quarter of the expected rate (Fig. 7, open bars) . This may reflect haploinsufficiency for caspase-cleavable dSREBP in these animals, i.e. if a larva cannot cleave dSREBP at site-2 because of lack of dS2P, then a single caspase-cleavable copy of dSREBP (the endogenous wild type copy) is insufficient to support full survival.
In the complete absence of dS2P and dSREBP, animals carrying two copies of P{dSREBPg(D386A)} fare even more poorly on unsupplemented medium, surviving at only 10% of the expected rate (Fig. 7, open bars) . In each of these latter cases, survival is substantially restored by supplementing the culture medium with free fatty acids (Fig. 7, solid bars) . The 1 or dS2P 2 and in drice ⌬1 were constructed as described under "Experimental Procedures." Virgin females homozygous for dS2P 2 and heterozygous for drice ⌬1 were crossed to males heterozygous for dS2P 1 and drice ⌬1 . The dS2P homozygous, drice ⌬1 heterozygous females were raised on medium supplemented with fatty acids to enable efficient recovery of these flies. Larvae homozygous or heterozygous for drice ⌬1 and wild type for dS2P survived equally well under all conditions tested in this experiment. C, crosses of flies doubly mutant for dS2P and dronc 51 were conducted as described in B. Horizontal lines corresponding to the value for dSREBP 189 larvae under each condition are shown to facilitate comparison (black, supplemented medium; gray, unsupplemented medium). "ϩ" indicates wild type, and "Ϫ" indicates null alleles as described above. Note that the values displayed are for whole populations rather than samples. 
DISCUSSION
Cleavage of SREBP by caspases was first reported in 1995 (12) (13) (14) , but the significance of those observations has remained unclear. Both in transfected S2 cells and in vitro, with purified enzyme, Drice cleaves dSREBP (Figs. 1 and 2 ), and this cleavage requires an Asp residue at position 386 in the juxtamembrane stalk (Figs. 4 and 5) . Other Asp residues in this region are not required for cleavage. As caspases typically cleave following an Asp residue, the parsimonious interpretation of these data is that Drice cleaves dSREBP following Asp-386.
Cleavage of dSREBP by Drice releases the amino terminus. The present data demonstrate that dS2P mutants require drice for survival. Animals doubly mutant for dS2P and drice phenocopy dSREBP null mutants; they survive extremely poorly on unsupplemented medium and show greatly improved survival on medium supplemented with fatty acids (Fig. 6) . Conversely, larvae whose only source for dSREBP is a dSREBP transgene, P{dSREBPg(D386A)}, which harbors a substitution of Asp-386 for Ala at the putative cleavage site, are viable in the presence of wild type dS2P. If these transgenic animals lack dS2P, the mutant transgenic larvae die at the end of second instar (Fig. 7) . Just as observed for the double mutant dS2P, drice larvae (Fig.  6B) , the P{dSREBPg(D386A)} transgenic larvae are substantially rescued by dietary supplementation with fatty acids (Fig.  7) (Fig. 6 , B and C), even though purified Dronc cannot cleave dSREBP directly (Fig. 3) . This likely reflects the requirement for the initiator caspase Dronc to cleave the effector caspase Drice, such that in the absence of Dronc, Drice is not activated and cannot cleave dSREBP. Cleavage of Drice by Dronc, for example, is required for activation of Drice during apoptosis (22, 28, 29) . These data suggest that Drice, activated by Dronc, cleaves dSREBP in larvae lacking dS2P.
Little apoptosis is observed in Drosophila between embryogenesis and pupariation. Cleavage of dSREBP by Drice during larval growth therefore does not appear to be related to apoptosis. Even in the absence of substantial apoptosis, however, mRNAs for Drice and Dronc are detected at low levels in larvae (30, 31) . Our genetic data indicate that at least some of that message is translated to yield enzyme that is active during larval life when apoptosis is not observed. Constitutive activation of effector caspases by the apoptosome in the absence of apoptosis is seen elsewhere during Drosophila growth and development. For example, in embryos, there is a basal level of effector caspase activity several hours before the onset of programmed cell death (32) . Caspase activity is also detected in hemocytes from 3rd instar larvae that are likewise not undergoing apoptosis (20) .
Role of Caspase Cleavage of dSREBP-Does caspase cleavage of dSREBP play a role in normal larval physiology or is this phenomenon seen only when dS2P is absent? In larvae lacking dS2P, activation of dSREBP is readily detected in the fat body (11) . The cleavage of dSREBP by Drice in the larval fat body could be a fortuitous consequence of the presence of a caspase site in the juxtamembrane stalk and the coincidental expression of Drice in the larval fat body. Alternatively, caspase cleavage may represent an important and pervasive physiologically relevant means of activating SREBP independently of the previously described machinery (Scap, S1P, and S2P). The present data do not allow firm distinction between these possibilities but an inference may be drawn from sequence data.
The site of caspase cleavage in SREBP-1 is conserved among its vertebrate homologues, and the site of caspase cleavage in SREBP-2, which is not homologous to the caspase site in SREBP-1, is likewise highly conserved among vertebrate SREBP-2s (supplemental Fig. 2) . Similarly, the caspase site Asp in dSREBP is well conserved among Drosophila SREBPs (Fig. 4) as is the preceding Thr residue (supplemental Fig. 3 ). In the case of mammalian SREBP-1 and -2, and now for dSREBP, these putative sites have been validated experimentally. The differing positions of these confirmed caspase sites indicate that the absolute position of caspase cleavage within the juxtamembrane stalk is not crucial, whereas the presence of a caspase cleavage site is. Cleavage almost anywhere within this region may offer suitable means of releasing active SREBP and thus bypassing the normal processing machinery.
Cleavage of dSREBP is usually tightly controlled by end product feedback regulation. If SREBP in the ER membrane is the substrate for caspase cleavage, this would bypass feedback regulation, which relies of the control of ER-to-Golgi transport of SREBP (5) .
Under what circumstances might a cell or organism need to bypass end product-mediated feedback suppression of the transcription of the genes of lipid synthesis? It may be desirable during periods of rapid membrane synthesis, such as fetal development in mammals. Rapid deposition of large stores of lipid may be another such a case. The mass of the Drosophila larvae increases roughly 200-fold between the time it emerges from the egg and the onset of pupariation about 5 days later. The majority of this increase in mass results from the storage of lipid in the fat body, which is needed to fuel metamorphosis (33) . End product-mediated suppression of the transcription of the genes of lipid synthesis may be incompatible with the need for continued high levels of lipid accumulation and synthesis in the presence of large amounts of lipid already stored.
In dS2P mutant larvae, transcript abundance of dSREBP target genes is much greater than in larvae lacking dSREBP itself, and activation of dSREBP is readily detected in the fat body (11) . This activation permits the survival of the mutant animals. However, in the complete absence of dS2P, the mutant offspring of mutant mothers survive only half as well as their heterozygous siblings (11) . Their reduced survival results from a deficit in lipid metabolism; they survive at nearly the expected rate on medium supplemented with fatty acids. Therefore, cleavage of dSREBP by Drice is not fully redundant with the usual processing mechanism. Instead, it may serve to augment dSREBP activation in specific tissues to support the rapid deposition of lipid stores during larval life.
